Stability of arterial whole blood and plasma concentrations is a basic requirement in the application of the oxygen-15 (1502) steady-state inhalation technique for measuring regional cerebral blood flow and oxygen use. The level of stability obtainable in practice is re ported in the form of retrospectively analysed blood data from 626 consecutive studies in patients with a range of clinical conditions. Serial arterial whole blood and plasma concentrations were measured during both C1502 and 1502 inhalations, and coefficients of variation were calculated. In addition, these concentrations were com pared with the corresponding values recorded at the start of each study and maximum variations were calculated . For all four concentrations, mean and median coeffi-
The oxygen-IS (1502) steady-state inhalation technique (Jones et al., 1976; Frackowiak et al. , 1980; ) is a well-estab lished method for measuring regional cerebral blood flow (rCBF), oxygen extraction ratio (rOER), oxygen use (rCMR02), and blood volume (rCBV). This is due to the relative simplicity of imple menting the scanning procedure and the theory of the underlying tracer model. These points have al lowed for a detailed theoretical and practical error analysis of the technique (Subramanyam et al. , 1978; Huang et al., 1979; Phelps et aI. , 1979; Lam mertsma et al., 1981a Lam mertsma et al., ,b, 1982 Lam mertsma et al., , 1983 Lam mertsma et al., , 1984 Baron et al. , 1981; Rhodes et aI. , 1981; Jones et al. , 1982; Herscovitch and Rainchle, 1983; Lammertsma and Jones, 1983; Lammertsma, 1984; Meyer and Yama moto, 1984; Correia et aI. , 1985) . As a result, the cients of variation were around 5 and 4%, respectively. Mean and median maximum variations were around 9 and 7%, respectively. The effects of these variations on the calculations of regional cerebral blood flow, oxygen extraction, and oxygen use were estimated. Mean ex pected errors were found to be between 4 and 9%, and median expected errors between 3 and 6%. Inherent blood sampling errors were assessed from blood volume studies using IICO-labeled red cells. These errors were found to be <3%. Key Words: Oxygen-15 steady-state technique-Regional cerebral blood flow-Regional ce rebral oxygen use-Regional oxygen extraction ratio Stability arterial concentration-Positron emission to mography.
effects of most theoretical uncertainties and mea surement errors are well defined. Within the physi ological range, these effects are, in general, small.
One aspect that has not been analysed in detail is the requirement to maintain a steady state throughout a scan. It has been shown that a single erroneous estimate of arterial concentration can re sult in large errors in rCBF (Lammert sma et al., 1981a) . Although normally the radioactive gas supply can be kept constant to within 3% (Fracko wiak et al., 1980) , variations in arterial concentra tions do occasionally occur as a result of changes in respiration pattern of the subject being studied. These considerations have been the reason that multiple arterial blood samples are collected throughout the steady-state period. With multiple samples, one can obtain a more representative esti mate of the mean arterial and plasma concentra tions during the scan. Recently, it was shown theo retically that the use of the mean value of multiple samples improved the accuracy of the final results considerably (Meyer and Yamamoto, 1984; Correia et aI., 1985) . However, little data exist as to how much variation does actually occur in practice. Re ports to date present data on relatively small numbers of patients (Jones, et aI. , 1983; Lam mertsma, 1984) .
The present study provides data from all 626 steady-state studies performed at the Hammer smith Hospital since the time multiple blood sam pling was introduced (mid 1981 ). An assessment is given of the effects of the measured instabilities on the calculations of rCBF, rOER, and rCMR02 using previously derived equations (Correia et aI. , 1985) . Parts of this study were previously reported in abstracts (Brooks et aI. , 1985; Lammertsma et aI., 1986a) .
METHODS
A total of 626 patient studies were analysed retrospec tively, representing all steady-state studies performed at the Hammersmith Hospital during the period 1981-1985, where during the steady-state periods at least three arte rial blood samples were collected and measured. Usually samples were withdrawn over a 12-s period (i.e., at least as long as the respiratory cycle) every 5 min. Typically, three samples were withdrawn during a lO-min steady state period.
Both arterial whole blood (A) and plasma (P) concen trations were analysed. In addition to the C1502 and 1502 studies, whole blood data for 1\CO were analysed to pro vide a measure of the reproducibility for assaying blood samples independent of variations in respiratory pat terns. In Table 1 , the number of studies for a given number of withdrawn samples is given. In several cases, only rCBF was measured, since it was used in combina tion with a metabolic study other than rCMR02• In some cases, a sample was spoiled (e.g., haemolysis during cen trifugation), or for one of the individual procedures only two samples were collected. As a result, the number of studies reported for each concentration was less than the total number of patient studies (Table 1) .
In Table 2 , the patient studies are divided according to the clinical projects into which they were entered. This serves to illustrate that a large number of patients were studied where irregularities in breathing might be ex pected (e.g., within 1 week of surgery, Parkinson's dis ease, and Alzheimer's disease).
The consecutive samples for each steady state in each patient study were analysed in two ways. First, the coef ficient of variation (COV) for the samples was calculated. Second, the maximum variation of any sample compared with the first sample (a) was calculated. This latter anal- ysis was performed to provide a better comparison with theoretical studies (Meyer and Yamamoto, 1984; Correia et aI., 1985) , where maximum variations were used. The rCBF, rOER, and rCMR02 are usually calculated by substituting the measured values of (average) tissue concentrations and average arterial whole blood and plasma concentrations into the steady-state equations (Frackowiak et aI., 1980; Lammertsma et aI., 1983) . To assess the effects of variations in whole blood and plasma concentrations on these calculations, previously defined equations (Correia et aI., 1985) were modified. It was as sumed that at the start of a scan (normally 6-10 min after start of inhalation) steady-state conditions were fulfilled. Subsequent measurements (samples) of whole blood and plasma concentrations were treated as perturbations of the steady state and linear drift between consecutive samples was assumed (Correia et ai., 1985) . The sum of the perturbations and the equilibrium (steady-state) term were in turn averaged over the imaging time to simulate what would have been measured if the concentrations had been constant throughtout the duration of the scan. Finally, the percent difference between perturbed and unperturbed (i.e., steady-state) values of rCBF, rOER, and rCMR02 were used as an estimate of the error due to instabilities in arterial concentrations. A more detailed treatise of this approach is given in the Appendix. Be cause of the nonlinearity of the steady-state equations, errors were dependent on the actual values of rCBF and rOER. For rCBF, values of 20, 50, 80 ml/dl/min were used; for rOER, values of 0.20, 0.40, and 0.80 were used.
RESULTS
In Fig. 1 , cumulative distributions are given for the COY s of arterial and plasma concentrations during both CI502 and 1502 inhalations. The cumu lative distribution of COY for samples of arterial 
DISCUSSION
An essential feature of steady-state procedures in general is the requirement of stable arterial concen trations during the time course of a study. Previously it has been shown that, in the case of the oxygen-I5 steady-state technique, experimental errors in the estimation of arterial concentrations may be significantly amplified in the calculations of rCBF (Lammertsma et aI., I9SIa) . In general, these experimental errors in measuring the blood samples are small, as depicted by the llCO whole blood data (Fig. 1) .
A more serious concern is the fact that C1502 and 1502 are administered by continuous face mask in halation, because of sterility, nonstimulation, and convenience reasons. Therefore, the most common cause for instability in arterial concentrations is a change in the respiratory pattern of the subject being scanned. These irregularities are difficult to control. In addition, a slight drift (usually within 3%) in the radioactive gas supply is possible (Frackowiak et aI., I9S0) .
Since a change in arterial concentration will be reflected in a subsequent change in tissue concen tration, arterial and tissue concentrations cannot be considered as independent variables. The positron emission tomography (PET) data provide a mea sure of the average tissue concentration over the period of the recorded scan. To obtain a better esti mate of the average arterial concentration, a system of using the mean value of a number of blood samples collected during the scan was intro duced. Meyer and Yamamoto (1984) have shown, from studies simulating instabilities, that errors in rCBF are a factor of 4 to 9 smaller using this ap proach, compared with the use of single samples. Correia et al. (1985) also have confirmed this anal ysis for rOER and rCMR02. The cumulative distributions of COY ( Fig. 1) and � (Fig. 2) showed that the distributions for arterial and plasma concentrations during inhalation of C 1 502 and 1502 are similar. The majority of studies had a COY <5% and a � < 10%. The right-hand tails in Figs. 1 and 2 showed that progressive deteri orations of steady states do occur, culminating in some unacceptable instabilities with high COY and �. Analysis of the individual patient data showed that a high degree of variations in concentrations during C1502 is often accompanied by corre sponding high variations in concentrations during 1502 inhalation. This points to breathing irregular ities and occasionally poor stability in gas supply (cyclotron tripping), as opposed to errors in blood sampling or assay. This was confirmed by instabi lities seen in the individually recorded head counts monitored continuously throughout the studies. Only in a minor number of studies will experi mental errors in blood sampling be the cause of variations (see data and discussion on llCO). As expected, arterial (Ae 15 0 2 ) and plasma (Pe 15 0 2 ) con centrations during C 1 502 inhalation showed very similar patterns, as the signal was due to H2 1 50, which was freely diffusable in blood (Frackowiak et aI., 1980) . The spread in the distribution of A 15 0 2 (arterial concentration during 1502 inhalation) was greater than that of Ae 15 0 2 ( Figs. 1 and 2, Ta ble 3) . It is of interest to note that P 15 0 2 (plasma concen tration during 1502 inhalation) showed a more stable pattern than A 15 0 2 ' Since P 15 0 2 is due to recircu lating H2150, it was expected to change at a slower rate then A 15 0 2 once the steady state had been achieved due to the capacitance effect of the body's water pool. Figures 1 and 2 therefore demonstrated that the build-up time (i.e., time to reach equilib rium) allowed for in these studies (normally 6-10 min) was sufficient. Increasing this build-up period most likely would not improve the results. The COY of A 11 eo (arterial concentration fol lowing IlCO inhalation) (Lammertsma et aI., 1983) provided a measure of experimental errors in blood withdrawal and assay. In a number of studies, (Fig.  1) the COY was unacceptably high. These experi mental errors were mostly a result of inexperience (e.g., new technician). The mean and median COVs were perhaps slightly worse than expected. How ever, one should realise that during the time course of an llCO study there is a small but definite de crease in arterial concentration (on average, 2.4% between first and last sample), matched with a sim ilar reduction in regional cerebral concentration (measured with a positron emission tomograph) due to equilibration within the body's blood pool, such as transfer of tracer from red cells to myoglobin (Glass et aI., 1969) . So even in this case, multiple blood samples were preferred over single samples to obtain the average arterial concentration during the scan. As a result, the mean and median COVs for A ll eo were not only a measure of the degree of experimental errors, but mainly a reflection of the clearance of llCO from the blood. Hence, mean ex perimental errors were even <3%.
Of more importance than the magnitude of the variations in arterial concentrations themselves was the effect these variation had on the calculations of rCBF, rOER, and rCMR02. Expected errors were calculated on the assumption that at the start of C 1 502 or 1 502 studies, the steady state had been achieved. From the recorded head counts moni tored continuously throughout the studies, it fol- lowed that this was a fair approximation in the ma jority of cases. For analysis, a linear interpolation between the data points of arterial concentrations was used. The expected errors given in Figs. 3-5 and Ta ble 4 therefore serve as an indication of the order of magnitude of errors due to variations in arterial concentration. Tr ue errors can only be de termined if arterial concentrations are monitored continuously. In this case, errors due to instabilities in blood concentrations would have been avoided if the entire arterial curves were used (i.e. , from start of inhalation) in calculating rCBF, rOER, and rCMR02· From Fig. 3 and Ta ble 4 it follows that the ex pected errors in rCBF were smallest for low values of rCBF. This was due to the nonlinear character of the operational equation to calculate rCBF (Lam mertsma et aI., 1981a) . The expected errors in rOER were independent of the magnitude of rCBF, but improved with increasing rOER (Fig. 4 ). Re sults for rCMR02 showed, as expected, a com posite pattern; the best results are obtained (Fig. 5 ) under conditions of low flow and high rOER (i.e., ischaemia).
It should be mentioned that the estimated errors in rOER and rCMR02 were derived using Eq. A.8, i.e., for rOER not corrected for intravascular ac tivity. If intravascular activity is taken into ac count, the perturbed tissue concentration during 1502 inhalation (C'tp in Eq. A.8) would be higher de pending on rOER, rCBV, and the arterial whole blood 1502 concentration. For linear drifts (assumed in this study), the average whole blood concentra tion will give the same result compared with using the individual sample values. Therefore, the correc tion for intravascular activity will not introduce changes in the expected errors in rOER and rCMR02 due to instabilities in 1502 whole blood concentrations. The correction for intravascular ac tivity depends, however, on rCBF and rCBV (Lam mertsma et aI., 1983) . Assuming errors in rCBV to be negligible (see discussion on llCO), the only ad- ditional error in corrected rOER will be due to errors in rCBF. For the majority of cases this will only result in an insignificant change in the esti mated error in corrected rOER compared with un corrected rOER «1%). The change in error in rOER might be a few percent only for low rOER, low rCBF, high rCBV, and high expected error in rCBF. It should be noted that depending on the pat tern of instabilities these changes might both be positive or negative. These cases were not further analysed, since this combination of rOER, rCBF, and rCBV is uncommon from a clinical point of view. From Figs. 3 to 5, it is clear that there are a number of studies with unacceptable high errors. This also follows from Ta ble 4, where median values are consistently better than mean expected errors. It is of interest to note that quite a few studies that showed high instability of arterial con centrations had already been rejected for quantita tion because of patient movement. The present study was performed on a large series of consecu tive patient studies, some of whom were expected beforehand to be difficult to investigate. Of impor tance is the fact that this type of analysis provides a method to assess the precision of individual results. However, no effort has been made to develop cri teria for study rejection. These criteria would have to depend on the precision required for individual projects. Figures 3-5 show that the present sam pling protocol (e.g., three samples over 10 min) is quite satisfactory. The accuracy can be increased by collecting more samples per time period (Meyer and Yamamoto, 1984) , but the present retrospective study did not contain sufficient data to compare different sampling protocols. As mentioned pre viously, the best accuracy is obtained by collecting arterial whole blood and plasma concentrations continuously during both build-up and steady state phase. Te chniques to measure both whole blood (Kanno et aI., 1984) and plasma (Lammertsma et aI., 1986b) concentrations continuously have been described, but have not been applied routinely to steady-state studies.
CONCLUSIONS
The collection of multiple samples constitutes a major improvement in the precision of individual studies as compared with the use of single samples. This is not only true because of an improved esti mate of the average arterial concentration during a study, but also because single erroneous blood samples will be detected. Apart from accuracy con siderations, there are further advantages to using multiple blood samples. Objective criteria can be developed to reject individual studies due to unac ceptably high variations in arterial and plasma con centrations. Also, in the interest of scientific com munication, it will be possible to assess the preci sion of the reported results.
APPENDIX
This appendix provides the basic equations for computing the perturbation terms (from the steady state) for rCBF, rOER, rCMR02. Each perturba tion is treated as a separate contribution to the signal starting at a time shifted to the start of the scanning time (time zero). The sum of perturba tions and the equilibrium term are then averaged over the imaging time (n to simulate what would be measured if one believed it was constant. All the perturbation terms have the same form and depend on start and stop times of the perturbation (Ti and Ti+1, respectively), the imaging time, and the values of rCBF, and rOER.
Assuming linear drift between consecutive blood samples, the change in arterial concentration (IlCJ as a function of time for the ith perturbation is given by the following
where IlCi = Ci+1 -Ci, IlTi = Ti+ 1 -Ti, C i = arterial concentration from ith blood sample, and Ti = time of ith arterial blood sample. Based on the equilibration one-compartment model (Kety, 1951) , the change in tissue concentra tion (IlCT) as a function of time from this perturba tion is given by: Vol. 8, No.3, 1988 where 1= rCBF/lOO (i.e., flow in mllml/min); k = flp + A; P = tissue: blood partition coefficient of water, assumed to be 1 in this study; and A = decay constant of ISO.
The contribution of this perturbation to the equi librium tissue concentration is given by averaging IlCT , over the imaging interval in the following way:
For flow, the perturbed tissue concentration (CT p ) is then given by the sum of all these perturba tions and the equilibrium concentration: where NCH = number of samples during C 1 S02 in halation. In Eq. A. 7, it is assumed that the samples are equally spaced in time, the procedure followed in the present study.
For rOER, the blood samples are treated simi larly, except that both fluctuations of plasma and whole blood concentrations have to be taken into account. The whole blood H21SO concentration during IS02 inhalation (Cw) is first calculated from its plasma concentration (1S02 being confined to the red cell compartment) using the whole blood to plasma ratio during C 1 S02 inhalation. Cw is then substracted from the measured whole blood con centration to provide the whole blood IS02 concen tration during IS02 inhalation (C(j). Finally, per turbed rOER (E p ) is given by:
(CMCl'I)] (A.8) where Ct = perturbed tissue concentration during p IS02 inhalation calculated in a similar way as CT , taking both Cw and C(j concentration variations info account; Cw = average arterial whole blood .!!z ISO concentration during IS02 inhalation; and C(j = average arterial whole blood 1502 concentration during 1502 inhalation.
The following entity is used as estimates of the errors in rCBF, rOER, and rCMR02 due to varia tions in arterial concentrations:
Xunperturbed -Xperturbed
x 100 (A.9) Xunperturbed where X tively. rCBF, rOER, and rCMR02, respec-
